The filling behavior of a room temperature solvent, perfluoromethylcyclohexane, in approximately 20 nm nanoporous alumina membranes was investigated in situ with small angle x-ray scattering. Adsorption in the pores was controlled reversibly by varying the chemical potential between the sample and a liquid reservoir via a thermal offset, T. The system exhibited a pronounced hysteretic capillary filling transition as liquid was condensed into the nanopores. These results are compared with KelvinCohan theory, with a modified Derjaguin approximation, as well as with predictions by Cole and Saam. [7] , as well as more commonplace applications such as filtering and humidity sensors [8] . The breadth of nanopore research serves to underscore the need for a good physical understanding of the evolution of liquids in such systems. Previous wetting experiments and simulations used single pores with both wedgelike [9] and slitlike [10, 11] geometries, as well as complex porous networks, such as the disordered Vycor [12] and M41S silica materials [13] . Unfortunately, these porous glasses have very complicated network geometries that make it rather difficult to compare the measurements with simple theoretical predictions. Additionally, many of these studies are done at cryogenic temperatures that are impractical for all of the applications described above. Room temperature measurements on ordered nanoporous systems with nearly ideal geometry should provide insight into the physical processes governing behavior of liquids in confinement.
Nanoporous materials hold great potential in a wide variety of nanotechnology applications such as DNA translocation [1,2], nanofluidic transistors [3] , templates for nanoparticle self-assembly [4, 5] , catalysis [6] , sensors for chemical agents [7] , as well as more commonplace applications such as filtering and humidity sensors [8] . The breadth of nanopore research serves to underscore the need for a good physical understanding of the evolution of liquids in such systems. Previous wetting experiments and simulations used single pores with both wedgelike [9] and slitlike [10, 11] geometries, as well as complex porous networks, such as the disordered Vycor [12] and M41S silica materials [13] . Unfortunately, these porous glasses have very complicated network geometries that make it rather difficult to compare the measurements with simple theoretical predictions. Additionally, many of these studies are done at cryogenic temperatures that are impractical for all of the applications described above. Room temperature measurements on ordered nanoporous systems with nearly ideal geometry should provide insight into the physical processes governing behavior of liquids in confinement.
We describe here in situ small angle x-ray scattering (SAXS) experiments of the equilibrium wetting and capillary condensation of a room temperature solvent, perfluoromethylcyclohexane (PFMC), within nanoporous alumina (Al 2 O 3 ). The anodized alumina system had an ideal geometry described by a parallel arrangement of cylindrical nanopores (diameter 20 nm) with large aspect ratios 1:5000 (see Fig. 1 ) [14] . We carried out experiments within an environmental chamber that allowed precise control of the amount of solvent condensed within the pores via changes in the chemical potential offset, , relative to liquid/vapor coexistence similar to studies of wetting on flat [15] and nanostructured surfaces [16] . Both adsorption and desorption processes were investigated reproducibly via this technique.
Porous alumina membranes were prepared electrochemically using a two-step anodization technique [14, 17] and cleaned as described elsewhere [4] . The resultant alumina membrane consisted of an array of cylindrical parallel pores running the entire thickness of the membrane and open on both ends. The macroscopic dimensions of the nanoporous membrane were about 1 cm 1 cm 90 m. Pores formed a 2D locally ordered hexagonally close-packed structure with nearest neighbor distances (center to center) of 58 4 nm, and diameter of 21 5 nm as determined via electron microscopy (see Fig. 1 ). After cleaning, samples were dried and loaded into a hermetically sealed environmental chamber under an atmosphere of ''ultrapure'' grade N 2 .
The environmental chamber as described elsewhere [4, 15, 18] During the experiment, the inner and outer chambers were set at T in 31:6 C (T r 31:9 C) and T out 28:5 C, respectively. Although the sample was nearly thermally isolated from the inner chamber, for high sample temperatures the large heat loads on the sample increased T in and T r to 36 C and 38 C, respectively. Stability of T r was better than 50 mK throughout the experiment.
In situ small angle x-ray scattering (SAXS) data were collected using incident monochromatic Cu-K 1 radiation with high horizontal angular resolution of 0.005 (87 rad) achieved using a triple-bounce channel cut Bonse-Hart [20] Ge(111) monochromator. High horizontal detector resolution was obtained by mounting an identical triple-bounce Ge(111) analyzer crystal after the sample, in the nondispersive geometry [21] (see Fig. 2 ). Scattered photons were collected with a scintillation detector.
The alumina membrane was mounted in a transmission geometry with the face of the membrane nearly perpendicular to the x-ray beam, aligning the long axis of the pores nearly parallel to the beam. In order to take advantage of the high horizontal angular resolution, the membrane was tilted in the vertical direction by s 8:5 . This tilt effectively confined the scattering to the horizontal plane and minimized waveguide or multiple scattering effects due to grazing angle reflections from the pore walls. In this geometry, the intensity of the h10i powder diffraction peak, due to the 2D hexagonal packing arrangement of the coaligned pores with a well defined pore-pore distance, was recorded in situ as T was varied between 0.1 K up to 27 K for both adsorption (cooling) and desorption (heating) paths.
Immediately prior to collecting the data presented here, the pores were cleaned by repeated ''flushing'' (produced by rapid thermal cycling over the full T range) with PFMC over ten thermal cycles. The intensity of the h10i diffraction peak recorded at the highest T 27 K gradually increased over the first three flushing cycles and remained unchanged during subsequent cycles.
As liquid condenses into the pores, replacing N 2 , the electron density contrast of the system decreases, eventually saturating when the pores are completely filled with liquid. This reduction in contrast is measured by a corresponding decrease in the scattering intensity of the powder diffraction peaks, I peak T, relative to the dry peak intensity, I peak dry (see Fig. 3 ). Neglecting absorption, the added solvent volume fraction, VT, can be determined within the small angle approximation [4, 16] from the scattering intensity of the lowest order peak, the h10i, as follows: 
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Because of van der Waals (vdW) interactions, the pores are, in practice, never ''dry'' or empty, making I peak dry difficult to determine. Even at the largest T realized in this experiment, we still expect monolayer adsorption of material onto the walls of the pores, evidenced by the necessity of flushing. For small T, complete volume filling is easily observed by the intensity saturation. For the purposes of this analysis, we calculated a theoretical value for I peak dry from the ratio of the form factors squared for empty and PFMC filled pores. The form factor can be defined as a function of the radius, R, liquid film thickness, d, the electron densities, L and S , for PFMC and Al 2 O 3 , respectively, and scattering vector q 2= sin2:
The ratio, jFd R=Fd 0j 2 0:3, combined with the saturated intensity at low T, provided the necessary offset and normalization.
Values for the fractional volume condensed into the pores, derived from the h10i diffraction peak intensity for both adsorption and desorption, are plotted in Fig. 3 as a function of T: X-ray adsorption corrections were applied to the highest T measurements when increases in saturated vapor pressure of PFMC in the chamber were nonnegligible. The system exhibits a pronounced capillary transition upon filling, occurring at approximately T 1:9 0:2 K (at maximum slope, indicated with a solid vertical line in Fig. 3 ). Utilizing the simple Kelvin equation for capillary filling
where 12:5 mN=m is the surface tension of the PFMC, and n 5:1 10 3 mol=m 3 is the molar volume of the PFMC, this indicates a nanopore radius of R 11:8 1:0 nm, in agreement with electron microscopy measurements. The system also exhibits hysteresis common to porous systems [22] with the desorption transition occurring at T 2:3 0:2 K. The width of this hysteresis is smaller by a factor of 5 than the prediction by Cohan [23] for a desorption transition at 2T due to pores emptying by retreating menisci from the pore ends. Thus, the simple Cohan argument cannot provide a complete description of the hysteresis observed here, indicating the necessity of using a more complex theoretical approach.
In their seminal work, Cole and Saam [24, 25] put forth a theoretical treatment which includes substrate interactions ignored by the Cohan-Kelvin theory. A brief outline of their capillary pore filling theory, including the influence of vdW interactions with the pore walls, is given here. We further simplify the theory by using the Derjaguin approximation [26] with the assumption that the capillary transition occurs when the thickness of the adsorbed liquid on the pore walls is small compared to the pore radius.
The total free energy per unit length of a cylindrically symmetric film on the walls of the pore is
where Ud is the vdW potential between the liquid and the pore walls. For films thin relative to the pore radius, d R, Ud has the form equivalent to that for a liquid film on a flat substrate (Derjaguin approximation) [26] :
where A eff 6:3 10 ÿ20 J is the effective Hamaker constant for PFMC on Al 2 O 3 [27] . In the limit of vanishing film thickness, this term should be replaced by the interfacial tension term for the pore wall-liquid interface. The equilibrium condition is then given by
Equation (7) simplifies to the Kelvin equation when vdW interactions are ignored. Using Eq. (7), we fit the pretransition filling data for the absorption cycle, yielding a value of R 11:8 0:2 nm (see Fig. 3 solid curve) in agreement with the Kelvin value obtained earlier. Discrepancies with the fit at large T are possibly due to the film thickness being on the order of the monolayer thickness. The capillary transition to filled pores occurs when the chemical potential reaches the minimum allowed value, since further reduction of the chemical potential can only be achieved by complete filling of the pore, d R, in which case the surface tension term vanishes due to the vanishing of the interface. This stability or critical condition for the cylindrically symmetric film is satisfied for @d=@N 0 (in the limit d R):
This demonstrates that the thin film is stabilized by the vdW interactions with the pore wall and that, at the transition, d 3:3 nm, validating the use of the Derjaguin approximation, d R.
For our system with R 11:8 nm, numerical calculations of Cole and Saam predict an onset of instability for volume fraction V c 0:44 (see Fig. 3 in Ref. [25] ) assuming R 0 A eff =2 p 1:6 nm for the PFMC=Al 2 O 3 system. The estimate for the onset of the capillary transition, V c occurs at slightly higher T than expected from the Kelvin and Derjaguin methods (see Fig. 3 ), but within the uncertainty given above. The above analysis indicates that for systems with ideal capillary geometry, such as the porous anodized alumina system studied here, the theory of Cole and Saam provides a good description of the capillary filling transition T.
Cole and Saam additionally make a prediction about the hysteresis upon desorption. They argue that the hysteresis occurs due to a partially filled pore with meniscus [see Fig. 2(c) (2) ] being metastable with respect to a conformal thin film geometry [see Fig. 2(c) (1) ]. The metastable limit is also a function of the pore radius, R, and R 0 . The numerical analysis of Cole and Saam predicts a metastable volume fraction V m 0:23 for our experimental parameters (see Fig. 3 in Ref. [25] ). The V m value approximately corresponds to the volume fraction where the desorption curve joins with the absorption curve, in good agreement with our experimental results (Fig. 3) . It is worth noting that this joining occurs at T 2T
, where the Cohan argument predicts pores to empty by hemispherical menisci. Unfortunately, there is no prediction of the T where the desorption transition initiates, and it not possible to translate V c and V m into a hysteresis width.
For the cylindrical pores described here, the Kelvin equation is a reasonable predictor of the filling transition as well, though it must become increasingly worse for smaller pore size. However, the Kelvin-Cohan argument fails to qualitatively predict the observed hysteresis between adsorption and desorption. Cole and Saam's theory, which takes into account vdW interactions, both demonstrates good agreement with the experimental results in the prediction of the capillary transition and yields information about the observed hysteresis, yet there is not a satisfactory prediction of the observed width. It is clear from the experimental data that the desorption transition occurs at lower T than either prediction. While some of the shift may be due to broadening of the transition by pore diameter polydispersity, this effect seems insufficient to fully account for the shift. Large pore aspect ratios rule out the influence of end effects and suggests other mechanisms for desorption are required to explain this feature of the data.
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